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• The study is a comparison of inﬂuen-
tial energy and ecosystem service
scenarios.
• Across domains, scenarios exercises
explore similar futures.
• There exist barriers to comparisons
that limit policy relevance.
• Integration of ecosystem services
would inform optimal routes to dec-
arbonisation.
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Self Organising Map (SOM)
A B S T R A C T
There is increasing recognition that a whole systems approach is required to inform decisions on future energy
options. Based on a qualitative and quantitative analysis of forty inﬂuential energy and ecosystem services
scenario exercises, we consider how the beneﬁts to society that are derived from the natural environment are
integrated within current energy scenarios. The analysis demonstrates a set of common underlying themes across
scenario exercises. These include the relative contribution of fossil sources of energy, rates of decarbonisation,
the level of international cooperation and globalisation, rate of technological development and deployment, and
societies focus on environmental sustainability. Across energy scenario exercises, ecosystem services con-
sideration is primarily limited to climate regulation, food, water resources, and air quality. In contrast, eco-
system services scenarios consider energy systems in a highly aggregated narrative form, with impacts of energy
options mediated primarily through climate and land use change. Emerging data and tools oﬀer opportunities for
closer integration of energy and ecosystem services scenarios. This can be achieved by incorporating into sce-
narios exercises both monetary and non-monetary values of ecosystem services, and increasing the spatial re-
presentation of both energy systems and ecosystem services. The importance of ecosystem services for human
well-being is increasingly recognised in policy at local, national and international scales. Tighter integration of
energy and ecosystem service scenarios exercises will allow policy makers to identify pathways consistent with
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international obligations relating to both anthropogenic climate change and the loss and degradation of bio-
diversity and ecosystem services.
1. Introduction
Anthropogenic climate change and the loss and degradation of
biodiversity and ecosystem services are acknowledged as being among
the most substantial challenges facing humanity in the 21st century [1].
Scenario exercises are one route to identify and explore such challenges
and are increasingly utilized by governments, business and the third
sector. They are intended to provide plausible, comprehensive, in-
tegrated and consistent descriptions of how the future might unfold [2].
In doing so they provide a tool to engage with stakeholders, build
consensus and develop responses to challenges identiﬁed [3,4]. Given
the energy sectors’ contribution to total anthropogenic greenhouse gas
emissions, the identiﬁcation of routes to decarbonisation is central to
development of energy policy at global and national scales [5], with
scenario exercises widely used to examine the options that are available
[4,6]. Similarly, scenario exercises have been used to explore drivers of
environmental change and implications for biodiversity and ecosystem
services at global [7–9] and national scales [3].
This study is motivated by the increasing recognition of the need for
a whole systems approach to energy systems [10] that considers en-
vironmental, economic, technical, institutional, political and social di-
mensions of future options. The study examines the environmental as-
pect of this whole systems approach by assessing the extent to which
inﬂuential energy scenario exercises have considered implications for
ecosystem services. This study also considers whether there are existing
ecosystem service scenario exercises that are compatible with leading
energy scenarios exercises.
Throughout ecosystem services is used as a broad term to describe
the beneﬁts that humans derive from nature [11,12]. Ecosystem ser-
vices are typically divided into provisioning services (e.g. food, ﬁbre,
fodder), regulating and maintenance services (e.g. water and air
quality), and cultural services (e.g. spiritual and intellectual interac-
tions) [13]. Ecosystem services stem from the world’s natural capital,
representing stocks of physical and biological resources [11]. It is by
combining this natural capital with other forms of capital (i.e. through
processing [14]) that we generate goods and services such as crops and
timber, that directly contribute to human well-being. Ecosystem ser-
vices can be subjected to valuation in either monetary or non-monetary
terms. Incorporating values into the design of policy, such as through
scenarios exercises, can exert a considerable inﬂuence on our under-
standing of the desirability of diﬀerent policy options. For example,
Bateman et al. [15] demonstrate that incorporating ecosystem service
values, beyond those associated with agricultural markets, into land use
planning in the UK would substantially alter decisions about optimal
land use. We would highlight that valuation of ecosystem services re-
mains a highly contested area, and it is beyond the scope of this study to
detail the debate. Instead we refer reader to discussions such as those
presented in [16–18] for background and methodological approaches.
Our study also considers biodiversity, as deﬁned by the 1993 Conven-
tion of Biological Diversity as the variability among living organisms,
given that it is considered to both underpin many ecosystem services
and to exist as a good that has value in its own right [19].
The importance of our study is that the international community has
obligations to address climate change (e.g. the Paris Agreement), and
the loss of biodiversity and ecosystem services (e.g. Aichi Biodiversity
Targets [20]). With the establishment of the Intergovernmental Sci-
ence-Policy Platform on Biodiversity and Ecosystem Services (IPBES), a
body with a similar remit to the Intergovernmental Panel on Climate
Change (IPCC), the importance of biodiversity and ecosystem services
will move up the policy agenda. We would argue that this will have
substantial implications for energy scenario exercises. A review of the
history of inﬂuential (that is scenarios that have shaped policy) energy
scenario exercises [10] demonstrates a changing focus through time in
response to international agreements and concerns. In the 1970s and
1980s scenario exercises addressed questions around energy security,
primarily taken to mean a stable supply of aﬀordable oil [21]. The
Chernobyl accident in 1986 saw scenarios emerge that considered an
end to nuclear energy [10]. The late 1980s and early 1990s saw a focus
on renewable energy to address nitrogen oxide and sulphur oxides [10].
Since the 1992 UN Framework Convention on Climate Change and the
1997 Kyoto protocol, a primary focus of energy scenario exercises has
been identiﬁcation of routes to address climate change [10]. Indeed,
one could draw parallels between the history of scenario exercises and
the evolving deﬁnition of energy security. Four decades ago energy
security was focused on security of supply [21]. From the 1980s this
deﬁnition has evolved to the current form that recognises “availability,
aﬀordability, technological development, sustainability and regulation”
as important factors that determine energy security [22].
As evidence of the negative implications for human wellbeing and
the economy associated with the loss of biodiversity and ecosystem
services is presented to governments, we argue that the environmental
implications of energy pathways beyond climate change will become
increasing important in shaping energy policy. For this reason those
groups involved in the development of energy scenarios must begin to
incorporate ecosystem services within their work. This study represents
an initial step in this process. We present for the ﬁrst time a comparison
of scenarios produced by practitioners working in the energy and the
ecosystem service domains. We compare the scope, methodology, key
drivers and implications of 40 individual energy and ecosystem services
scenario exercises. A subset of 10 scenario exercises are quantitatively
analysed, and a typology of scenarios developed to describe corre-
spondence across the energy and ecosystem service domains. We con-
sider the implications of our ﬁndings from the perspective of those
involved in the development and use of energy scenarios to inform
policy.
2. Material and methods
2.1. Selection of scenarios
Given the number of scenario exercises that exist, the study focussed
on two spatial scales, global and UK. At the global scale, the
Intergovernmental Panel on Climate Change (IPCC) and the
Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES) represent two organisation with a common
goal of providing independent scientiﬁc advice to support development
of multilateral environmental agreements [23]. Decisions emerging
from COP21 (Paris), the Aichi Biodiversity Targets [20], and work such
as the Millennium Ecosystem Service Assessment [12] indicate the re-
levance of considering scenario exercises conducted at this scale. At the
national scale, the UK has been a leader in establishing a legally binding
set of carbon budgets [24], and in the integration of ecosystem services
within policy, informed by exercises such as the UK National Ecosystem
Assessment [25]. With reference to energy scenarios, as an example of
such integration the UK Government’s Climate Change Act [26] and
Carbon Plan [27] consider policy options that addresses climate change
should be identiﬁed that appropriately recognise the value of nature
[27].
Energy scenarios selected for the current study were those produced
and used by key organisations in policy, strategy and research i.e. by
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bodies with some recognised responsibility and authority [28]. A
number of recent reviews of UK and global energy scenarios have been
carried out by the UK Energy Research Centre (UKERC) and others
[10,29–31], therefore it was not necessary to repeat such an exercise.
From these reviews, analysis was conducted on; (i) scenarios that have
been used to inform UK and global policy debates and decision-making
about future energy systems; (ii) diversity, so that scenarios from gov-
ernment (including government agencies), industry, academic and the
third sector were included; (iii) for cases where organisation produce
annual or regular scenarios, only the most recent ones as of May 2015
were included unless previous versions diﬀer substantially in scope.
As no previous work on ecosystem service scenarios had been
conducted within UKERC, a standard Rapid Evidence Assessment
Protocol [32] was employed to identify candidate scenario exercises.
Keyword searches of the Thompson Reuters Web of Knowledge and
Elsevier Science Direct databases were performed using Boolean com-
binations of terms relevant to ecosystem services, as deﬁned under the
Common International Classiﬁcation of Ecosystem Services (CICES)
version 4 [33] (see Supplementary Online Material). This initial search
returned 45,046 references. These were ﬁrstly ﬁltered for relevance
based on their title. The full text of retained search results was re-
trieved, and a second stage of ﬁltering conducted based on the abstract.
During this second ﬁltering stage the sole criterion for retention was
that the study considered ecosystem service scenarios. We considered
studies to be relevant if they encompassed individual or multiple ser-
vices. Scenario studies that considered other environmental factors of
relevance to the provision of ecosystem services, for example scenarios
of future land use change or biodiversity loss, were also retained. The
full text of the remaining 338 references was ﬁltered based on the same
criteria as used in the review of abstracts, resulting in a pool of 74
candidate studies. Cross referencing these studies to identify duplica-
tion in underlying scenarios resulted in a list of 34 potential scenario
studies of relevance at the UK and global scale. Of these we were unable
to locate documentation in 12 cases. The remaining candidate scenario
exercises were compared against a number of existing reviews
[3,7,34,35] conducted by domain experts. Final scenario exercises were
selected for analysis (see Supplementary Online Material) that meet the
same criteria of inﬂuence and diversity used to select energy scenarios
(see i – iii previous paragraph). We stress that with the proliferation of
energy and ecosystem service scenario exercises over the last few dec-
ades the aim of this study was not to analyse a comprehensive set of all
published studies, but rather a representative set of those that can be
considered authoritative and mainstream.
2.2. Analysis of relationship between scenarios
Across the 40 energy and ecosystem service scenarios exercises
identiﬁed, factors such as diﬀerences in time horizon and lack of
quantiﬁcation of the energy system resulted in 10 scenario exercises
being selected for subsequent analysis. Together these 10 scenario ex-
ercises described 38 individual scenarios out to 2050. For each, we
extracted the percentage contribution of coal, gas, oil, biomass and
other (non-fossil sources) to the energy mix in 2050. A review of the
narratives of each individual scenario was then carried out to capture
the emphasis on decarbonisation (scored low/high), the availability of
carbon capture and storage technology (scored yes/no), the role of
energy eﬃciency (low/high) and worldview (national/global).
The relationship between energy and ecosystem service scenarios
was quantitatively examined using a self-organizing map (SOM) [36].
This technique maps high-dimensional data onto a two-dimensional
regular grid of nodes preserving the topological and metric relationship
of the original data [37,38]. In the current study the SOM grid provides
a visualisation with which to understand the relationships between
scenarios [36]. In the ﬁrst stage of the analysis an on-line (stochastic)
relational version of the SOM algorithm [37,38], as implemented in the
SOMbrero package [39] of R was used. The relationship between each
of the 38 individual scenarios was represented within a dissimilarity
matrix calculated using Gower’s coeﬃcient [40], expressed as a dis-
similarity. The use of Gower’s coeﬃcient accounts for the mix of data
types. The SOM was trained using 50,000 iterations, and representation
of the relationships between scenarios assessed using two measures of
quality. Firstly, the topographic error represents that average frequency
in which a scenario is assigned to a neighbouring node within the grid
during training, and not the grid node to which it is ﬁnally assigned.
Secondly, the quantization error represents the average distance of
observations to the winning grid node to which the SOM algorithm
assigns them [39]. In our analysis low values for the topographic error
(0.02) and quantization error (0.04) indicate good representation of the
relationship between scenarios within the SOM.
The second stage of the analysis sought to further group scenarios to
identify emergent themes. To achieve this, hierarchical cluster analysis
was performed on the dissimilarity matrix describing the relationship
between individual scenarios. This returned a dendrogram tree with
each branch representing a grid node within the SOM (Fig. 1A). The
overall shape of this dendrogram tree represents the relationship be-
tween grid nodes. To achieve grouping of similar scenarios, the den-
drogram tree was cut to derive a set of “super-clusters” referred to
subsequently as scenario families. The point at which the dendrogram
Fig. 1. Relationship between SOM grid nodes and grouping into scenario families. This is represented as a dendrogram tree (A) derived from the dissimilarity matrix
describing the relationship between SOM grid nodes 1–25. Red boxes indicate grouping of SOM grid nodes into scenario families. These scenario families were
derived using the elbow criterion (B) that cut the dendrogram tree to achieve a balance between the number of superclusters and the variance that is explained. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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tree was cut, and hence the number of scenario families that are derived
was based on the elbow criterion implemented in the GMD package of R
[41] (Fig. 1B).
In the ﬁnal stage of the SOM analysis, the quantitative criteria used
to establish the number of scenario families within the SOM allowed
further aggregation to represent the relationship between families
based on the overall shape of the dendrogram tree. Exploiting this
property it was possible to develop a typology of four themes that en-
compass the nine scenario families and 38 individual scenarios
(Table 2).
3. Results
3.1. Overview of scenario exercises
In total it was possible to access the text of 18 scenario exercises of
relevance to energy systems. These are summarised in aggregate within
Table 1, with individual summaries provided for each scenario exercise
in Supplementary Tables S6 and S7. Exploration of changes in the en-
ergy system that are consistent with greenhouse gas emission reduction
targets was used to deﬁne the scope of 11 of the 18 energy scenario
exercises. These scenarios explore the associated technological and in-
frastructure requirements, business strategies, policy frameworks, and
social and economic implications of changes in the energy sector ne-
cessary to meet emission reduction targets (Table S6). These scenario
exercises also commonly present a counterfactual scenario where
emission reduction targets are not met. The scope of the remaining
seven exercises was deﬁned by the commissioning bodies in relation to
energy security. As discussed in the introduction, the current deﬁnition
of energy security can be taken to consider factors relating to avail-
ability, aﬀordability, technological development, sustainability and
regulation [22]. Therefore, reductions in greenhouse gas emissions are
considered within these scenario exercises within the context of sus-
tainability, but this was not the primary scope of the exercise. Across 17
of the 18 exercises, quantitative modelling was used to inform scenario
development. There is some limited evidence that environmental ob-
ligations beyond emission reduction targets are integrated into the
development of scenarios (Table S7). Across the 18 exercises con-
sidered, seven explicitly address environmental implications primarily
relating to the food-energy-water nexus and air quality [24,42–44].
In total it was possible to access the text of 22 scenario exercises of
relevance to ecosystem services. As with the energy scenarios, these
ecosystem services scenario exercises are summarised in aggregate
within Table 1, and a more detailed individual summary is provided in
Supplementary Tables S8 and S9. Ecosystem service scenario exercises
vary in scope from those that examine a single ecosystem service [8,45]
to those that consider multiple services [3,12,46] (Table S8). Biodi-
versity loss, climate change, water and food security emerge as core
focal areas, together with land-use change that can be linked to al-
teration in the provision of ecosystem services through multiple me-
chanisms [1,12,47]. Reﬂecting a pattern in the broader ecosystem
services literature, cultural services are rarely considered featuring only
in scenarios speciﬁcally designed to take a holistic view across eco-
system service categories [3,12,46]. Fifteen of the ecosystem service
scenarios exercises explicitly consider energy pathways, six deﬁne their
own energy pathways, with the remaining nine exercises using energy
pathways derived from independent climate and energy studies that
consider a limited number of environmental factors beyond greenhouse
gas emissions. For example, a number of ecosystem service scenario
exercises draw on IPCC Special Report Emissions Scenarios (SRES) [2].
These SRES are constructed based on consideration of environmental
policies relating to air quality and agricultural production, primarily in
terms of greenhouse gas emissions. Across the 15 ecosystem service
scenario exercises, energy systems are commonly represented in a
highly aggregated form, typically as oil, coal, gas, biomass and non-
fossil sources [48,49]. Energy systems may also be represented as global
trends as opposed to considering country or region speciﬁcs [3].
3.2. Relationship between energy and ecosystem services scenarios
As stated in the methods, of the 40 energy and ecosystem service
scenario exercises identiﬁed and described in Section 3.1. it was only
possible to extract empirical data from 10 exercises representing 38
individual scenarios. The relationship between these 38 individual
scenarios is visualised within a SOM grid (Fig. 2) with those scenarios
that are closest together on the grid considered to be most similar [50].
To illustrate, the grid node labelled nine in Fig. 2 contains scenarios
that correspond to a “reference” state. Speciﬁcally, these are from
Table 1
Summary of scenario exercises used in this review. Percentage values refer to the number of studies that had each of the characteristics identiﬁed. Those in italics
were quantitatively analysed using a self-organising map to examine the relationship between individual scenarios.
Ecosystem service scenario exercises Exercise characteristics
Global environment outlook 5 [1]; Global environment outlook 4 [48]; Environmental Outlook [92];
Business in the world of water [93]; Global scenarios group [94]; Advanced Terrestrial Ecosystem
Analysis and Modelling (ATEAM) [49]; EURuralis [95]; Millennium Ecosystem Assessment [12];
Foresight Food and Farming [96]; Global Europe 2050 [97]; CLIMSAVE [98]; ALARM [8]; Natural
England Environment in 2060 [46]; Looking ahead to 2050 [99]; Agrimonde [100]; PRELUDE
[101]; UKCIP02 [102]; UK National Ecosystem Assessment [3]; Global Biodiversity Outlook 3 [45];
AFMEC (Alternative future scenarios for marine systems) [103]; Net beneﬁts [103]; Foresight Land
Use Futures [47]
Funder: Government (including intergovernmental) 95.5%, Business
4.5%, Academic 4.5%, NGO 13.6%
Target audience: Government 81.8%, Business 100%, NGO 95.5%,
Public 31.8%
Approach: Quantitative 81.8%, Qualitative 86.4%
RANGE ACROSS SCENARIOS
Emission by 2050: 4.7 to 80.83 GtC-eq yr
Decarbonisation as focus: 55.3%
GGR removal technologies: 60.6%
Energy eﬃciency as measure: 66.7%
Globalised world: 63.2%
Energy scenario exercises Exercise characteristics
UKERC Global Energy Scenarios [51]; Transition Pathways & Realising Transition Pathways [104];
Foresight Scenarios: Powering our Lives [105]; CLUES [106]; Infrastructure Transitions Research
Consortium [107]; Energy 2050 [51]; Transition Pathways for Hydrogen [108]; Shell New Lens
Scenarios [42]; National Grid Future Energy Scenarios [109]; The CCC 5th Carbon Budget [24]; CCC
4th Carbon Budget (2013 revision) [44]; Carbon Plan [27]; Project Discovery [110]; The Economics
of Climate Change Policy in the UK [43];World Energy Scenarios [111]; World Energy Outlook 2015
[112]; The outlook for energy, a view to 2040 [113]; ETI Scenarios [114]
Funder: Government (including intergovernmental) 38.8%, Business
33.3%, Academic 27.7%, NGO 5.5%
Target audience: Government 50%, Business 44.4%, NGO 0%, Public
11.1%
Approach: Quantitative 94.4%, Qualitative 44.4%
RANGE ACROSS SCENARIOS
Emission by 2050: 19 to 80.44 GtC-eq yr
Decarbonisation as focus: 68.2%
GGR removal technologies: 70.0%
Energy eﬃciency as measure: 84.1%
Globalised world: 84.6%
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UKERC scenario exercises conducted in 2008 and 2013 [51], and the
Advanced Terrestrial Ecosystem Analysis and Modelling [49] A1 sce-
nario. These scenarios can be broadly summarised as being those where
fossil sources of energy remain a central component of the energy mix.
This is consistent with the use of a reference narratives within scenarios
exercises to represent the world in 2050 based on current conditions,
policy frameworks, and/or the trajectory of change under business as
usual or as might be usual assumptions. Such a reference scenario
provides a comparative state for other scenarios that, for example, ex-
plore options for decarbonisation or energy security.
In the second stage of the SOM analysis, quantitative criteria were
used to group the 25 SOM grid nodes into nine scenario families [39]
(Fig. 3). For example, grid node 2 and 3 (Fig. 2) were grouped into a
single family containing scenarios where economic growth is prioritised
above climate and broader environmental considerations. For each of
the nine families, a review of the storylines associated with the in-
dividual scenarios was used to develop an overarching narrative that
captures central idea explored by the scenario family (Table 2). The
relative contribution of diﬀerent sources of energy within each scenario
family is summarised in Fig. 4. To aid interpretation, the shape of the
dendrogram tree (Fig. 1A) was used to group these nine scenarios fa-
milies into four broad themes (Table 2).
4. Discussion
4.1. Alignment of scenario exercises
The distribution of scenarios with the SOM indicates that the energy
and ecosystem service exercises considered in the current study are
exploring comparable visions of the future out to 2050. This is quan-
titatively demonstrated by mixing of individual energy and ecosystem
services scenarios across grid nodes in the SOM (Fig. 2). When ag-
gregated into scenario families, seven of the nine contain individual
scenarios from both energy and ecosystem service domains (Fig. 3).
Fig. 2. Self-organising map (SOM) representing the relationship between individual energy and ecosystem services scenarios. Individual grid cells in the diagram
represent a node in the SOM (numbered 1–25) to which the algorithm assigns a scenario/s based on their similarity to others. Colour gradient from yellow to red
indicates increasing distance between prototypes and their neighbours. Energy scenarios are indicated in bold text and ecosystem services scenarios in italics. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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This further demonstrates that the scenario exercises are considering
comparable visions of the future out to 2050. The exception to this is
scenario families 6 and 9, that were grouped under the theme of “sus-
tainable development in reformed markets” (Table 2). These scenario
families contain only individual scenarios from the ecosystem service
domain. Reading the narratives associated with the scenarios indicates
that they are closely aligned to scenario families 7 and 8, grouped under
the theme of decarbonisation (Table 2; families 7 and 8). Separation is
driven by the assumption of higher future reliance on biomass, limited
availability of carbon capture and storage technology, and a greater
emphasis on the role of gas (Fig. 4) in scenarios families 6 and 9.
The comparability of scenarios across the energy and ecosystem
services domains is further supported by a review of the associated
storylines (Table 2). This identiﬁes common narrative threads in-
cluding; (i) the relative contribution of fossil sources of energy (Fig. 4);
(ii) the drive towards decarbonisation; (iii) the level of international
cooperation and globalisation; (iv) the degree of technological devel-
opment and deployment, particularly in relation to increased energy
eﬃciency and the availability of low carbon technologies and; (v) the
degree to which governments and individuals are concerned with en-
vironmental sustainability.
In broad terms, the distribution of individual scenarios in the SOM
(Figs. 2 and 3) and the shared theme (Table 2), reﬂect a common
methodological approach across scenario exercises. When conducting
scenario exercises practitioners will often use dichotomous axes, for
example to consider the emphasis on decarbonisation and degree of
globalisation. Of the scenarios analysed in the current study a number
used more complex approaches, such as morphological analysis (e.g.
[3]). These still produced individual scenarios that are consistent with
those produced in other studies that took a simpler approach. The
ﬁnding of shared storylines across scenario exercises agrees with pre-
vious work by van Vuuren et al. [7], who identiﬁed six scenario families
through a qualitative reading of global environmental assessment stu-
dies. As with the scenario families that we derive, scenario families
presented in Vuuren et al. [7] are diﬀerentiated through the rate of
economic development, the level of market reform, the emphasis on
Fig. 3. Relationship between energy and ecosystem services scenarios represented as nine scenario families. Grid squares of the same colour belong to the same
family. Energy scenarios are indicated in bold text and ecosystem services scenarios in italics.
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sustainability, and the degree of globalisation. Diﬀerences between our
scenarios families and those in van Vuuren et al. [7] are attributable to
(i) the inclusion of energy scenarios and details of the energy system in
the current study (as opposed to just environmental scenarios in [7]);
(ii) the inﬂuence of a greater number of individual scenarios in the
current study and; (iii) methodologically to the use of quantitative
criteria to cluster individual scenarios into families within the current
study.
The alignment of scenarios within the SOM also reﬂects a common
underlying set of assumptions, with quantitative aspects of both energy
and ecosystem service scenario exercises based on drivers that fall into
ﬁve categories [3,12]; socio-political; economic; science and tech-
nology; cultural and religious; demographic. Within each of these ca-
tegories scenario development may draw on a shared pool of drivers.
For example, where population projections are used in models they are
likely derived from the work of demographers in a few institutions that
project a range of between 7 and 11 billion people in 2050 [12]. A
review of environmental integrated assessment models by Harfoot [52]
suggests that projected changes in the provision of ecosystem services
over coming decades could inﬂuence these underlying modelling as-
sumptions. To illustrate, a number of recent energy scenarios have
considered the inﬂuence that changes in water resource availability
associated with climate change will have on energy pathways [53]
through imposition of physical limits on the use of certain technologies
(e.g. by insuﬃcient cooling water being available). In such examples,
limits on water would be expected to also inﬂuence irrigated agri-
culture [54], and coupled with other factors such as changes in soil
quality [55] under certain climate trajectories could lead to substantial
regional impacts on food production. This in turn will inﬂuence the
demographic and economic variables that are used as inputs to energy
system models, and so may undermine internal modelling assumptions
used in the development of energy scenarios.
4.2. Representation of the energy system
In collating data for analysis it became apparent that energy and
ecosystem service scenario exercises represent the energy system at
diﬀering levels of technological detail. At the level of individual sce-
narios those developed within the energy domain were often richer
with up to 19 individual energy supply technologies considered in some
exercises. This compares with ecosystem service scenario exercises that
consider a maximum of 9 supply technologies. The reason for this dif-
ference is ultimately down to the aims of the commissioning body. As
discussed, decarbonisation and energy security deﬁne the scope of all
the energy scenario exercises considered. As such representation of
technological options will be desirable to address the questions posed
by the commissioning body. This contrasts with ecosystem service
scenarios where the implications of energy systems are predominantly
mediated through projected impacts on climate or land-use [1,9]. In
ecosystem service scenario exercises, description of the energy system
may simply focus on the balance of fossil to non-fossil sources of en-
ergy, and the use of land for production of biomass as these factors will
be the primary drivers of impacts on ecosystem services.
From the perspective of energy scenario development, a range of
plausible energy technologies and pathways consistent with narratives
of decarbonisation and energy security are available. There may be
substantial advantages in incorporating consideration of ecosystem
services into scenario development. Low carbon sources of energy in-
clude a wide portfolio of technologies associated with a diverse and
complex array of social, environmental and economic impacts occur-
ring at a range of spatial and temporal scales [56–60]. Taking ad-
vantage of the rich technological data available in energy system
models and incorporating a broader set of ecosystem service impacts
could help diﬀerentiate between low carbon sources of energy beyond
projected changes in greenhouse gas emissions. Given the dominance of
quantitative modelling as a tool in energy scenario exercises it may be
that the “optimal” solutions that meet targets within a particular sce-
nario would no longer be optimal if a more diverse set of ecosystem
service criteria were included. For example, for a given location con-
sideration of implications for ecosystem services such as water re-
sources, pest and disease control, carbon sequestration, and biodiversity
could diﬀerentiate between energy technologies such as utility-scale
solar energy [61] and wind arrays [62] beyond diﬀerences in carbon
emissions alone [63,64].
Table 2
Themes and scenario families derived from quantitative analysis of 38 in-
dividual energy and ecosystem services scenarios.
Decarbonisation
Scenario family 7: Scenarios within this scenario family represent varied approaches
to tackling recognised environmental problems. A range of factors from changes
in economic growth to technological solutions lead to reduction of greenhouse
gas emissions. Scenario family 8: Scenarios within this scenario family envisage
a world of international cooperation and a narrative based on routes to
decarbonisation and to address environmental problems. This is achieved
through technological and policy changes. For the energy sector there is
considerable uncertainty about the mix of technologies that will emerge,
although there will be focus on non-fossil sources of energy as well as greater
end-use energy eﬃciency.
Sustainable development and reformed markets
Scenario family 6: In these scenarios there is a focus on expansion of global markets
in conjunction with an increase in sustainability. The environment is often
managed with a view to realising societal beneﬁts such that there may be some
trade-oﬀs between economic and environmental goals. Although there may be a
varying pace of technological development, it is often geared towards improving
sustainability and as such there is considerable development in renewable
energy. Scenario family 9: Scenarios within this scenario family have an
environmental focus coupled with economic growth. There is promotion of
emerging technologies and a high level of international cooperation to tackle
global problems. This leads to the deployment of energy systems with a focus on
eﬃciency and reduction in environmental impact.
Regional priorities
Scenario family 1: These scenarios consider decreasing globalisation at least
initially, providing impetus for nations to manage and exploit local resources.
This beneﬁts a number of ecosystem services where economic imperatives
provide incentive to invest in sustainable use. This local focus means that energy
policy is based on eﬃciency and local availability of energy resources. This leads
some countries to increase their use of fossil resources and others to diversify
their supply toward renewables. Scenario family 4: A world of increasing
regionalisation, although with a global outlook that allows convergence of some
policy objectives between countries. Use of national resources is prioritised
leading to a move towards sustainable resource management for those services
that society values the most. Pressures on global energy resources leads to energy
policy focused on exploitation of local resources, with technological solutions
used to address associated environmental problems.
Economic growth in conventional markets
Scenario family 2: Common features of scenarios in this scenario family are an
increasing role of business in shaping society and a belief that markets will be
able to tackle emerging environmental problems. Although there may be
increasing free trade across the world, resource scarcity may drive national and
local diﬀerence in energy use and lead to protectionism. A common theme is
increased environmental degradation as proﬁts are maximised. Scenario family
3: These scenarios represent a globalized world where economic growth is seen
as a key objective. There is abandonment or weakening of much environmental
legislation but where environmental damage is seen to have a substantial
negative eﬀect on economic growth, restoration and preventative measures are
taken. As international consensus on the social and economic impact of climate
change is reached the continued use of conventional and unconventional fossil
fuels is coupled with some low carbon technologies such as carbon capture and
storage. Scenario family 5: Scenarios here represent a globalized world of fossil
fuel use that might be thought to be closest to the current trajectory that we are
on, taking into account current and likely future goals and legislation.
Consideration of climate change by governments and businesses is signiﬁcant,
but it is not until the impacts of climate change become obvious that serious
attention is given to what might be done. At this point adaptation becomes much
more important as the world is already committed to signiﬁcant climate change.
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4.3. Operationalizing ecosystem services in energy scenario exercises
Integration of ecosystem services into energy system models might
readily be achieved within existing scenario exercises and using ex-
isting quantitative tools. Scenarios such as those that fall within the
“economic growth in conventional markets” theme (see Table 2), could
incorporate monetary value of those ecosystem services for which
markets exist (e.g. provisioning services such as food, ﬁbre, etc.) into
their modelling framework. This would allow comparison of the
broader economic implications of diﬀerent energy strategies and may
help diﬀerentiate between energy technologies.
A more substantial methodological challenge for such integration is
associated with scenarios such as those highlighted in the “sustainable
development in reformed markets” theme (Table 2). Here identifying
desirable energy technologies would be contingent on prioritisation of
ecosystem services that exists outside traditional markets or have non-
use value [65]. For such non-market ecosystem services, initiatives such
as The Economics of Ecosystems and Biodiversity (TEEB) [11] and the
Integrated Valuation of Ecosystem Services and Trade-oﬀs (InVEST)
tool [66] have begun to address this challenge by developing ap-
proaches to valuation and representation of ecosystem services that can
be incorporated into scenario exercises.
For those services with non-market values, such as biodiversity,
another possible route to address the challenge of integration is pro-
vided by energy system models that already consider greenhouse gas
emissions as an exogenous constraint on energy pathways [30]. Future
energy system models could incorporate similar exogenous constraints
relating to biodiversity and other non-use ecosystem services designed
to be consistent with scenario narratives. Ultimately, as demonstrated
by Bateman et al. [15] in the context of land use, it will be necessary to
incorporate a suite of ecosystem services with both market and non-
market values into the development of energy scenarios.
Beyond issues of valuation, integration of ecosystem services into
energy scenario exercises is also challenging due to the need to address
spatial context in relation to ecosystem services provision. Energy sys-
tems models have historically been either aspatial or highly spatially
aggregated to global, regional (e.g. Europe) or country scales. Such
spatial aggregation will limit understanding of the implication of dif-
ferent energy options for the provision of many ecosystem services. For
example Hertwich et al. [67] utilises a Life Cycle Assessment Approach
to compare fossil and non-fossil sources of energy across two scenarios.
Comparisons were based on metrics relating to greenhouse gas emis-
sions, water resources, air quality and land use. While the authors
conclude that consideration of these multiple metrics would favour a
future energy scenario more heavily reliant on non-fossil sources of
energy, the analysis is at a highly aggregated global scale. At local
scales the use of a Life Cycle Assessment and more complex environ-
mental modelling techniques will be more informative for energy
policy. For example Kostevšek et al. [68] describes the development of
an “ecosystem model” of energy systems with a strong emphasis on
environmental impacts. The authors consider that their model may be
most applicable for local decision making, where environmental in-
dicators based on an LCA approach will resonate. This is important as
ecosystem services are known to exhibit complex spatial patterns and
be highly context dependent [17,65]. For example, while certain energy
technologies might have a high demand for water resources, it is by
putting such demand within the context of water security that we can
understand the desirability of speciﬁc energy pathways [69]. If the
technology were to be deployed in an area with high water security,
then the desirability of the speciﬁc energy technology should be judged
by other criteria for example implications for biodiversity, climate, or
recreational value. Such an approach is demonstrated, again at local
scale, by Martinez-Hernandez et al. [70] who were able to incorporate a
detailed set of environmental indicators into consideration of the water-
food-energy nexus. In doing so the authors were able to inform re-de-
velopment of an ecotown in the UK in a way that considered inter-
dependencies across the techno-environmental system. Their holistic
approach identiﬁed pathways that met 100% of electric demand while
simultaneously improving the provision of ecosystem services including
food and biomass production, and carbon capture.
Current understanding of the spatial distribution of ecosystem ser-
vices is patchy globally, with good coverage in some regions (e.g. UK;
Fig. 4. Boxplots representing the per cent contribution of (A) gas, (B) coal, (C) oil, (D) biomass and (E) other (non-fossil sources) to the energy mix in 2050 for each
scenario family. Plots are ordered in line with the themes in Table 2; Decarbonisation (Scenario family 7–8); Sustainable development and reformed market (Scenario
family 6,9); Regional Priorities (Scenario family 1,4); Economic growth in conventional markets (Scenario family 2,3,5).
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Europe) and for some services (e.g. crops; water resources) [71]. The
emerging emphasis on spatial richness in energy system models (e.g.
[72,73]) could address the issue of context by incorporating the dis-
tribution of ecosystem services where data is available, and then opti-
mising the energy system to meet targets that are consistent with sce-
nario storylines. Given its land use footprint and our understanding of
the impact of agriculture on the environment, work on the relationship
between bioenergy and ecosystem services is perhaps at the forefront of
exploring such integration [56,73–77]. However, other examples exist
such as for wind energy, in terms of its impact on the landscape
[62,78–80] and ﬁsheries [81].
We note that our understanding of the relationship between energy
system and ecosystem services often relates to the operational phase of
the energy technology. Recent reviews of the implications of energy
systems for ecosystem services [82–86] suggest there is a lack of evi-
dence to understand the implications of many forms of energy for
biodiversity and ecosystem services, particularly at the commissioning
and decommissioning stages of the life cycle. Given the multidecadal
timelines over which scenario exercises are carried out, improving our
understanding at these phases is critical.
Finally, scenario analysis and the modelling that supports it must
recognise the increasing interconnectedness of the world, such that
decisions made at local and national scales will have international
implications. This has been demonstrated in the context of greenhouse
gas emissions where the last few decades have seen a transfer of net
emissions from developed (consumer) to less developed (producer)
countries [87]. Similarly ﬁndings have also been reported for land use
[88] and biodiversity [89]. Examples relating to water resources and
energy [69,90] demonstrate that input-output analysis and associated
techniques can help to quantify the international implications of local
and national energy choices. Integrating such techniques into scenario
development, and including ecosystem service indicators, would fur-
ther inform the desirability of speciﬁc energy pathways.
5. Conclusion
The concept that ecosystem services are essential for human well-
being is increasingly accepted and embedded in policy at local, national
and global scales [16,91]. As such, exploring the implications of energy
systems for ecosystem services, and the way in which ecosystem ser-
vices could inform decisions about the desirability of diﬀerent energy
options, will have strong resonance with decision makers. We would
argue that the establishment of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services will mean that gov-
ernment are increasingly likely to consider the implications of energy
systems for ecosystem services, and that the energy scenarios commu-
nity must be ready to address this challenge.
The analysis of inﬂuential energy and ecosystem service scenarios
exercises presented here indicates that practitioners working across
energy and ecosystem service domains are considering a comparable set
of futures. This represent a good starting point to consider methods to
integrate ecosystem services thinking into energy scenario exercises.
However, qualitative and quantitative analysis of scenario exercises
across domains presented here indicates that energy scenarios ex-
ercises; (i) consider only a limited number of ecosystem services, pri-
marily relating to food production, water resources and climate reg-
ulation; (ii) do not consider possible future changes in the natural
environment and energy systems and the implications that this could
have for energy modelling assumptions; (iii) are highly spatially ag-
gregated limiting understanding of implications for ecosystem services
provision which is often highly context dependent. Such barriers limit
the ability of energy scenario exercises to identify future challenges and
formulate responses to pressure on ecosystem services associated with
transition to a low carbon economy.
The implication of these conclusions is that it is not possible to
simply bring together existing, albeit compatible, energy and environ-
mental scenarios exercises. This leads to implications for research and
policy. For research, further work is required to better reﬂect en-
vironmental issues in energy scenario narratives and to quantify
(though not necessarily in monetary terms) environmental and eco-
system service impacts of, and inﬂuence on, energy system scenarios.
For policy, a holistic consideration of the inﬂuence of energy pathways
on ecosystem services that exist both within and outside markets could
help to identify pathways that deliver routes to decarbonisation while
simultaneously maximising the beneﬁts that people derive from nature.
Acknowledgments
This research formed part of the programme of the UK Energy
Research Centre and was supported by the Research Councils UK under
the Engineering and Physical Sciences Research Council award EP/
L024756/1.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.apenergy.2018.04.022.
References
[1] United Nations Environment Programme. Global Environment Outlook 5. Nairobi,
Kenya: United Nations Environment Programme; 2012.
[2] Nakicenovic N, Alcamo J, Davis G, Vries BD, Fenhann J, Gaﬃn S, et al. Special
report on emissions scenarios; 2000.
[3] Haines-Young R, Paterson J, Potschin M, Wilson A, Kass G. The UK NEA scenarios:
development of storylines and analysis of outcomes. Cambridge, UK: UNEP-
WCMC; 2011.
[4] Hughes N. A historical overview of strategic scenario planning. UK Energy Res
Cent; 2009.
[5] Edenhofer O, Intergovernmental Panel on Climate Change, editors. Climate change
2014: mitigation of climate change: Working Group III contribution to the Fifth
assessment report of the Intergovernmental Panel on Climate Change. New York,
NY: Cambridge University Press; 2014.
[6] Söderholm P, Hildingsson R, Johansson B, Khan J, Wilhelmsson F. Governing the
transition to low-carbon futures: a critical survey of energy scenarios for 2050.
Futures 2011;43:1105–16. http://dx.doi.org/10.1016/j.futures.2011.07.009.
[7] van Vuuren DP, Kok MTJ, Girod B, Lucas PL, de Vries B. Scenarios in Global
Environmental Assessments: Key characteristics and lessons for future use. Glob
Environ Change 2012;22:884–95. http://dx.doi.org/10.1016/j.gloenvcha.2012.
06.001.
[8] Spangenberg JH, Bondeau A, Carter TR, Fronzek S, Jaeger J, Jylhä K, et al.
Scenarios for investigating risks to biodiversity: Investigating risks to biodiversity.
Glob Ecol Biogeogr 2012;21:5–18. http://dx.doi.org/10.1111/j.1466-8238.2010.
00620.x.
[9] Visconti P, Bakkenes M, Baisero D, Brooks T, Butchart SHM, Joppa L, et al.
Projecting global biodiversity indicators under future development scenarios:
projecting biodiversity indicators. Conserv Lett 2016;9:5–13. http://dx.doi.org/10.
1111/conl.12159.
[10] Trutnevyte E, McDowall W, Tomei J, Keppo I. Energy scenario choices: insights
from a retrospective review of UK energy futures. Renew Sustain Energy Rev
2016;55:326–37. http://dx.doi.org/10.1016/j.rser.2015.10.067.
[11] Sukhdev P. The economics of ecosystems and biodiversity mainstreaming the
economics of nature: a synthesis of the approach, conclusions and recommenda-
tions of TEEB. [S.L.]: TEEB; 2010.
[12] Millennium Ecosystem Assessment. Ecosystems and human well-being: synthesis.
World Resource Institute; 2005.
[13] Haines-Young R, Potschin MB. Common International Classiﬁcation of Ecosystem
Services (CICES) V5.1 and Guidance on the Application of the REvised Structure;
2018.
[14] Goodwin NR. Five kinds of capital: useful concepts for sustainable development.
MA: Tufts University Medford; 2003.
[15] Bateman IJ, Harwood AR, Mace GM, Watson RT, Abson DJ, Andrews B, et al.
Bringing ecosystem services into economic decision-making: land use in the United
Kingdom. Science 2013;341:45–50. http://dx.doi.org/10.1126/science.1234379.
[16] Gomez-Baggethun E, Ruiz-Perez M. Economic valuation and the commodiﬁcation
of ecosystem services. Prog Phys Geogr 2011;35:613–28. http://dx.doi.org/10.
1177/0309133311421708.
[17] Bateman IJ, Mace GM, Fezzi C, Atkinson G, Turner K. Economic analysis for
ecosystem service assessments. Environ Resour Econ 2011;48:177–218. http://dx.
R.A. Holland et al. Applied Energy 222 (2018) 812–822
820
doi.org/10.1007/s10640-010-9418-x.
[18] Farber SC, Costanza R, Wilson MA. Economic and ecological concepts for valuing
ecosystem services. Ecol Econ 2002;41:375–92.
[19] Mace GM, Norris K, Fitter AH. Biodiversity and ecosystem services: a multilayered
relationship. Trends Ecol Evol 2012;27:19–26. http://dx.doi.org/10.1016/j.tree.
2011.08.006.
[20] Convention on Biological Diversity. COP 10 Decision X/2 Strategic Plan for
Biodiversity 2011-2020. Convention on Biological Diversity; 2012.
[21] Wang Q, Zhou K. A framework for evaluating global national energy security. Appl
Energy 2017;188:19–31. http://dx.doi.org/10.1016/j.apenergy.2016.11.116.
[22] Sovacool BK, Mukherjee I. Conceptualizing and measuring energy security: a
synthesized approach. Energy 2011;36:5343–55. http://dx.doi.org/10.1016/j.
energy.2011.06.043.
[23] Brooks TM, Lamoreux JF, Soberón J. IPBES ≠ IPCC. Trends Ecol Evol
2014;29:543–5. http://dx.doi.org/10.1016/j.tree.2014.08.004.
[24] The Committee on Climate Change. The Fifth Carbon Budget: The next step to-
wards a low-carbon economy. London, UK: Committe on Climate Chance; 2015.
[25] UK NEA. The UK National Ecosystem Assessment. Synthesis of the Key Findings.
UNEP-WCMC Camb; 2011.
[26] DEFRA. Overview of the Climate Change Bill; 2008.
[27] Department of Energy and Climate Change. The Carbon Plan: Delivering our low
carbon future; 2011.
[28] Winskel Mark. From optimisation to diversity: changing scenarios of UK buildings
heating. In: Hawkey David, Webb Janette, Lovell Heather, McCrone David, Tingey
Mags, Winskel Mark, editors. Sustain. Urban Energy Syst., Abingdon, UK:
Routledge; 2016, p. 68–90.
[29] Hughes N, Mers J, Strachan N. Review and analysis of UK and international low
carbon energy scenarios. EON-EPSRC Transit Pathw Scenar Work Pap 2009;2.
[30] Hughes N, Strachan N. Methodological review of UK and international low carbon
scenarios. Energy Policy 2010;38:6056–65. http://dx.doi.org/10.1016/j.enpol.
2010.05.061.
[31] McDowall W, Trutnevyte E, Tomei J, Keppo I. Reﬂecting on scenarios, UKERC
energy systems theme working paper no. UKERC/WP/ES/2014/002. UK Energy
Research Centre; 2014.
[32] Collins A, Miller J, Coughlin D, Kirk S. The production of quick scoping reviews
and rapid evidence assessments - a how to guide. Joint Water Evidence Group;
2014.
[33] Haines-Young R, Potschin M. CICES Version 4: response to consultation. Centre for
Environmental Management, University of Nottingham; 2012.
[34] Raskin PD. Global scenarios: background review for the millennium ecosystem
assessment. Ecosystems 2005;8:133–42. http://dx.doi.org/10.1007/s10021-004-
0074-2.
[35] Pereira HM, Leadley PW, Proenca V, Alkemade R, Scharlemann JPW, Fernandez-
Manjarres JF, et al. Scenarios for global biodiversity in the 21st century. Science
2010;330:1496–501. http://dx.doi.org/10.1126/science.1196624.
[36] Kohonen T. The self-organizing map. Neurocomputing 1998;21:1–6. http://dx.doi.
org/10.1016/S0925-2312(98)00030-7.
[37] Olteanu M, Villa-Vialaneix N. On-line relational and multiple relational SOM.
Neurocomputing 2015;147:15–30. http://dx.doi.org/10.1016/j.neucom.2013.11.
047.
[38] Hammer B, Hasenfuss A. Topographic mapping of large dissimilarity data sets.
Neural Comput 2010;22:2229–84. http://dx.doi.org/10.1162/NECO_a_00012.
[39] Boelaert J, Bendhaiba L, Olteanu M, Villa-Vialaneix N. SOMbrero: an r package for
numeric and non-numeric self-organizing maps. Adv. Self-Organ. Maps Learn.
Vector Quantization. Springer; 2014. p. 219–28.
[40] Gower JC. A general coeﬃcient of similarity and some of its properties. Biometrics
1971:857–71.
[41] Zhao X, Valen E, Parker BJ, Sandelin A. Systematic clustering of transcription start
site landscapes. PLoS ONE 2011;6:e23409. http://dx.doi.org/10.1371/journal.
pone.0023409.
[42] Royal Dutch Shell. New Lens Scenarios: A shift in perspective for a world in
transition; 2013.
[43] Pollitt H, Summerton P, Billington S. The economics of climate change policy in
the UK. Cambridge, UK: Cambridge Econometrics; 2014.
[44] Committee on Climate Change. Fourth Carbon Budget Review - technical report.
Sectoral analysis of the cost-eﬀective path to the 2050 target. London, UK; 2013.
[45] Hirsch T, Secretariat of the Convention on Biological Diversity, editors. Global
biodiversity outlook 3. Montreal, Quebec, Canada: Secretariat of the Convention
on Biological Diversity; 2010.
[46] Creedy J, Doran H, Duﬃeld S, George N, Kass G. England’s Natural Environment in
2060–Issues. Sheﬀ Nat Engl: Implications and Scenarios; 2009.
[47] Foresight Land Use Futures Project. Final Project Report. London: The Government
Oﬃce for Science; 2010.
[48] United Nations Environment Programme, editor. Global environment outlook:
environment for development, GEO 4. Nairobi, Kenya: London: United Nations
Environment Programme; Stationery Oﬃce [distributor]; 2007.
[49] Schröter D, Acosta-Michlik L, Arnell AW, Araújo MB, Badeck F, Bakker M, et al.
ATEAM (Advanced Terrestrial Ecosystem Analyses and Modelling) Final Report.
Potsdam Inst Clim Impact Res PIK Potsdam; 2004.
[50] Vesanto J, Alhoniemi E. Clustering of the self-organizing map. IEEE Trans Neural
Netw 2000;11:586–600. http://dx.doi.org/10.1109/72.846731.
[51] Ekins P, Keppo I, Skea J, Strachan N, Usher W, Anandarajah G. The UK energy
system in 2050: comparing low-carbon, resilient scenarios; 2013.
[52] Harfoot M, Tittensor DP, Newbold T, McInerny G, Smith MJ, Scharlemann JPW.
Integrated assessment models for ecologists: the present and the future. Glob Ecol
Biogeogr 2014;23:124–43. http://dx.doi.org/10.1111/geb.12100.
[53] International Energy Agency. Chapter 17: Water for Energy. Is energy becoming a
thirstier resource? World Energy Outlook 2012, Paris, France: IEA Publications;
2012.
[54] Elliott J, Deryng D, Müller C, Frieler K, Konzmann M, Gerten D, et al. Constraints
and potentials of future irrigation water availability on agricultural production
under climate change. Proc Natl Acad Sci 2014;111:3239–44. http://dx.doi.org/
10.1073/pnas.1222474110.
[55] Rosenzweig C, Elliott J, Deryng D, Ruane AC, Müller C, Arneth A, et al. Assessing
agricultural risks of climate change in the 21st century in a global gridded crop
model intercomparison. Proc Natl Acad Sci 2014;111:3268–73. http://dx.doi.org/
10.1073/pnas.1222463110.
[56] Gasparatos A, Stromberg P, Takeuchi K. Biofuels, ecosystem services and human
wellbeing: putting biofuels in the ecosystem services narrative. Agric Ecosyst
Environ 2011;142:111–28. http://dx.doi.org/10.1016/j.agee.2011.04.020.
[57] Hastik R, Basso S, Geitner C, Haida C, Poljanec A, Portaccio A, et al. Renewable
energies and ecosystem service impacts. Renew Sustain Energy Rev
2015;48:608–23. http://dx.doi.org/10.1016/j.rser.2015.04.004.
[58] Papathanasopoulou E, Beaumont N, Hooper T, Nunes J, Queirós AM. Energy
systems and their impacts on marine ecosystem services. Renew Sustain Energy
Rev 2015;52:917–26. http://dx.doi.org/10.1016/j.rser.2015.07.150.
[59] Bruckner T, Bashmakov IA, Mulugetta Y, Chum H, Navarro AD, Edmonds J, et al.
Energy systems. Clim. Change 2014 Mitig. Clim. Change Contrib. Work. Group III
Fifth Assess. Rep. Intergov. Panel Clim. Change, Cambridge, United Kingdom and
New York, NY, USA: Cambridge University Press; 2014. p. 511–97.
[60] Holland RA, Scott K, Hinton ED, Austen MC, Barrett J, Beaumont N, et al. Bridging
the gap between energy and the environment. Energy Policy 2016;92:181–9.
http://dx.doi.org/10.1016/j.enpol.2016.01.037.
[61] Hernandez RR, Easter SB, Murphy-Mariscal ML, Maestre FT, Tavassoli M, Allen EB,
et al. Environmental impacts of utility-scale solar energy. Renew Sustain Energy
Rev 2014;29:766–79. http://dx.doi.org/10.1016/j.rser.2013.08.041.
[62] Tabassum-Abbasi, Premalatha M, Abbasi T, Abbasi SA. Wind energy: Increasing
deployment, rising environmental concerns. Renew Sustain Energy Rev
2014;31:270–88 http://doi.org/10.1016/j.rser.2013.11.019.
[63] Sims REH, Rogner HH, Gregory K. Carbon emission and mitigation cost compar-
isons between fossil fuel, nuclear and renewable energy resources for electricity
generation. Energy Policy 2003;31:1315–26. http://dx.doi.org/10.1016/S0301-
4215(02)00192-1.
[64] Hammond GP, Howard HR, Jones CI. The energy and environmental implications
of UK more electric transition pathways: a whole systems perspective. Energy
Policy 2013;52:103–16. http://dx.doi.org/10.1016/j.enpol.2012.08.071.
[65] de Groot R, Brander L, van der Ploeg S, Costanza R, Bernard F, Braat L, et al. Global
estimates of the value of ecosystems and their services in monetary units. Ecosyst
Serv 2012;1:50–61. http://dx.doi.org/10.1016/j.ecoser.2012.07.005.
[66] Nelson E, Mendoza G, Regetz J, Polasky S, Tallis H, Dr Cameron, et al. Modeling
multiple ecosystem services, biodiversity conservation, commodity production,
and tradeoﬀs at landscape scales. Front Ecol Environ 2009;7:4–11. http://dx.doi.
org/10.1890/080023.
[67] Hertwich EG, Gibon T, Bouman EA, Arvesen A, Suh S, Heath GA, et al. Integrated
life-cycle assessment of electricity-supply scenarios conﬁrms global environmental
beneﬁt of low-carbon technologies. Proc Natl Acad Sci 2015;112:6277–82. http://
dx.doi.org/10.1073/pnas.1312753111.
[68] Kostevšek A, Klemeš JJ, Varbanov PS, Papa G, Petek J. The concept of an eco-
system model to support the transformation to sustainable energy systems. Appl
Energy 2016;184:1460–9. http://dx.doi.org/10.1016/j.apenergy.2016.04.010.
[69] Holland RA, Scott KA, Flo rke M, Brown G, Ewers RM, Farmer E, et al. Global
impacts of energy demand on the freshwater resources of nations. Proc Natl Acad
Sci 2015. http://dx.doi.org/10.1073/pnas.1507701112.
[70] Martinez-Hernandez E, Leach M, Yang A. Understanding water-energy-food and
ecosystem interactions using the nexus simulation tool NexSym. Appl Energy
2017;206:1009–21. http://dx.doi.org/10.1016/j.apenergy.2017.09.022.
[71] Boerema A, Rebelo AJ, Bodi MB, Esler KJ, Meire P. Are ecosystem services ade-
quately quantiﬁed? J Appl Ecol 2016. http://dx.doi.org/10.1111/1365-2664.
12696.
[72] Konadu DD, Mourão ZS, Allwood JM, Richards KS, Kopec G, McMahon R, et al.
Land use implications of future energy system trajectories—the case of the UK
2050 Carbon Plan. Energy Policy 2015;86:328–37. http://dx.doi.org/10.1016/j.
enpol.2015.07.008.
[73] Guo M, Richter GM, Holland RA, Eigenbrod F, Taylor G, Shah N. Implementing
land-use and ecosystem service eﬀects into an integrated bioenergy value chain
optimisation framework. Comput Chem Eng http://doi.org/10.1016/j.
compchemeng.2016.02.011.
[74] Hanes RJ, Gopalakrishnan V, Bakshi BR. Synergies and trade-oﬀs in renewable
energy landscapes: balancing energy production with economics and ecosystem
services. Appl Energy 2017;199:25–44. http://dx.doi.org/10.1016/j.apenergy.
2017.04.081.
[75] Milner S, Holland RA, Lovett A, Sunnenberg G, Hastings A, Smith P, et al. Potential
impacts on ecosystem services of land use transitions to second-generation bioe-
nergy crops in GB. GCB Bioenergy 2015;8:317–33. http://dx.doi.org/10.1111/
gcbb.12263.
[76] Meehan TD, Gratton C, Diehl E, Hunt ND, Mooney DF, Ventura SJ, et al.
Ecosystem-service tradeoﬀs associated with switching from annual to perennial
energy crops in riparian zones of the US Midwest. Plos One 2013;8. http://doi.org/
10.1371/journal.pone.0080093.
[77] Meyer MA, Chand T, Priess JA. Comparing bioenergy production sites in the
Southeastern US regarding ecosystem service supply and demand. PLoS ONE
2015;10:e0116336. http://dx.doi.org/10.1371/journal.pone.0116336.
R.A. Holland et al. Applied Energy 222 (2018) 812–822
821
[78] Price T, Bunn J, Probert D, Hales R. Wind-energy harnessing: global, national and
local considerations. Appl Energy 1996;54:103–79.
[79] Sklenicka P, Zouhar J. Predicting the visual impact of onshore wind farms via
landscape indices: a method for objectivizing planning and decision processes.
Appl Energy 2018;209:445–54. http://dx.doi.org/10.1016/j.apenergy.2017.11.
027.
[80] Molnarova K, Sklenicka P, Stiborek J, Svobodova K, Salek M, Brabec E. Visual
preferences for wind turbines: location, numbers and respondent characteristics.
Appl Energy 2012;92:269–78. http://dx.doi.org/10.1016/j.apenergy.2011.11.
001.
[81] Hooper T, Austen M. The co-location of oﬀshore windfarms and decapod ﬁsheries
in the UK: Constraints and opportunities. Mar Policy 2014;43:295–300. http://dx.
doi.org/10.1016/j.marpol.2013.06.011.
[82] Papathanasopoulou E, Holland RA, Dockerty T, Scott K, Blaber-Wegg T, Beaumont
N, et al. Scenario impacts on ecosystem services. Glob. Energy Issues Potentials
Policy Implic., Oxford, UK: Oxford University Press; 2015.
[83] Holland RA, Eigenbrod F, Muggeridge A, Brown G, Clarke D, Taylor G. A synthesis
of the ecosystem services impact of second generation bioenergy crop production.
Renew Sustain Energy Rev 2015;46:30–40. http://dx.doi.org/10.1016/j.rser.
2015.02.003.
[84] Bonar PAJ, Bryden IG, Borthwick AGL. Social and ecological impacts of marine
energy development. Renew Sustain Energy Rev 2015;47:486–95. http://dx.doi.
org/10.1016/j.rser.2015.03.068.
[85] Lovett AA, Dockerty TL, Papathanasopoulou E, Beaumont NJ, Smith P. A frame-
work for assessing the impacts on ecosystem services of energy provision in the
UK: an example relating to the production and combustion life cycle of UK pro-
duced biomass crops (short rotation coppice and Miscanthus). Biomass Bioenergy
2015;83:311–21. http://dx.doi.org/10.1016/j.biombioe.2015.10.001.
[86] Turney D, Fthenakis V. Environmental impacts from the installation and operation
of large-scale solar power plants. Renew Sustain Energy Rev 2011;15:3261–70.
http://dx.doi.org/10.1016/j.rser.2011.04.023.
[87] Peters GP, Minx JC, Weber CL, Edenhofer O. Growth in emission transfers via
international trade from 1990 to 2008. Proc Natl Acad Sci 2011;108:8903–8.
http://dx.doi.org/10.1073/pnas.1006388108.
[88] Yu Y, Feng K, Hubacek K. Tele-connecting local consumption to global land use.
Glob Environ Change 2013;23:1178–86. http://dx.doi.org/10.1016/j.gloenvcha.
2013.04.006.
[89] Lenzen M, Moran D, Kanemoto K, Foran B, Lobefaro L, Geschke A. International
trade drives biodiversity threats in developing nations. Nature 2012;486:109–12.
http://dx.doi.org/10.1038/nature11145.
[90] Fang D, Chen B. Linkage analysis for the water–energy nexus of city. Appl Energy
2017;189:770–9. http://dx.doi.org/10.1016/j.apenergy.2016.04.020.
[91] Daily GC, Matson PA. Ecosystem services: from theory to implementation. Proc
Natl Acad Sci USA 2008;105:9455–6. http://dx.doi.org/10.1073/pnas.
0804960105.
[92] OECD. OECD Environmental Outlook to 2050. OECD Publishing; 2012.
[93] Flowers BS, World Business Council for Sustainable Development. Business in the
world of water: WBCSD water scenarios to 2025. Conches-Geneva, Switzerland:
World Business Council for Sustainable Development; 2006.
[94] Raskin PD, Electris C, Rosen RA. The century ahead: searching for sustainability.
Sustainability 2010;2:2626–51. http://dx.doi.org/10.3390/su2082626.
[95] Helming JF, van Meijl H, Woltjer GB, Jansson T, Nowicki P, Tabeau AA. European
farming and post-2013 CAP measures. A quantitative impact assessment. 2011 Int.
Congr. August 30-Sept. 2 2011 Zurich Switz., European Association of Agricultural
Economists; 2011.
[96] Foresight. The Future of Food and Farming. Final Project Report. London: The
Government Oﬃce for Science; 2011.
[97] Commission European, editor. Global Europe 2050. Luxembourg: Publ. Oﬀ. of the
Europ. Union; 2012.
[98] Harrison PA, CLIMSAVE consortium. Climate change impacts, adaptation and
vulnerability in Europe. An integrated approach. Bucharest: TIAMASG; 2013.
[99] de Fraiture C, Wichelns D, Rockstrom J, Kemp-Benedict E, Eriyagama N, Gordon
LJ, et al. Looking ahead to 2050: scenarios of alternative investment approaches.
Water Food Water Life Compr. Assess. Water Manag. Agric., London, UK:
Earthscan; 2007. p. 91–145.
[100] Paillard S, Treyer S, Dorin B. Agrimonde–scenarios and challenges for feeding the
world in 2050. Springer Science & Business Media; 2014.
[101] European Environment Agency. Land-use scenarios for Europe qualitative and
quantitative analysis on a European scale. Luxembourg: Publications Oﬃce; 2007.
[102] UK Climate Impacts Programme. Socio-economic scenarios for climate change
impact assessment: a guide to their use in the UK Climate Impacts Programme.
Oxford: UKCIP; 2001.
[103] Pinnegar JK, Viner D, Hadley D, Sye S, Harris M, Berkhout F, et al. Alternative
future scenarios for marine ecosystems. Cefas Lowestoft; 2006.
[104] Foxon TJ, Pearson PJ. The UK low carbon energy transition: prospects and chal-
lenges; 2013.
[105] Devine-Wright P, Rydin Y, Guy S, Hunt L, Walker L, Watson J, et al. Powering our
lives: sustainable energy management and the built environment. Final Proj Rep
Lond Gov Oﬀ Sci; 2009.
[106] Sherriﬀ G, Turcu C. Energy: Looking to the future. A tool for strategic planning;
2012.
[107] Tran M, Hall J, Hickford AJ, Nicholls RJ, Alderson D, Barr S, et al. National in-
frastructure assessment: analysis of options for infrastructure provision in Great
Britain, Interim results; 2014.
[108] McDowall W. Exploring possible transition pathways for hydrogen energy: a hy-
brid approach using socio-technical scenarios and energy system modelling.
Futures 2014;63:1–14.
[109] National Grid. Future Energy Scenarios. UK Gas and Electric Transmission.
Warwick, UK: National Grid plc; 2015.
[110] Ofgem. Project discovery energy market scenarios. London, UK: Oﬃce of Gas and
Electricity Markets; 2009.
[111] World Energy Council. World Energy Scenarios: Composing energy futures to
2050. London, UK: World Energy Council; 2013.
[112] International Energy Agency. World Energy Outlook 2015. Paris: France; 2015.
[113] Exxon Mobil. The Outlook for Energy: A view to 2040. Tex US; 2013.
[114] ETI. UK scenarios for a low carbon energy system transition. Loughborough, UK:
Energy Technologies Institute; 2015.
R.A. Holland et al. Applied Energy 222 (2018) 812–822
822
